Nitrogen balances were measured in isolated perfused rat livers in the presence and absence of nitrogen donors. In all instances the balance apparently was incomplete. 
When livers are isolated from the rest of the organism, and their vascular system is perfused, a net release of urea and other nitrogenous products occurs (Salaskin, 1898) . There is a lack of accurate information on the source of nitrogen used for the synthesis of these products. The formation of urea and other nitrogenous products de novo must involve the transamination of preexisting amino acids to form glutamate and/or an increased rate of proteolysis. Braunstein & Asarkh (1945) and Braunstein (1957) postulated that glutamate dehydrogenase plays a central role in nitrogen metabolism, since it is the most abundant enzyme in mammalian tissues capable of oxidizing amino acids. However, it also has been suggested that glutamate dehydrogenase plays its major role in glutamate synthesis rather than oxidative deamination (Vinogradov, 1968) , since isolated liver mitochondria were found to oxidize glutamate preferentially by the transamination pathway (Muller & Leuthardt, 1950; Borst, 1962) . In the present paper nitrogen-balance studies, carried out to determine the relative importance of each metabolic route for glutamate metabolism in the whole organ, are reported. Also, since glutamate dehydrogenase is an NAD(P)-linked enzyme, attention has been given to changes in the mitochondrial redox state, which may control whether the enzyme is used for glutamate degradation or glutamate synthesis. A requisite for this type of * To whom reprint requests should be sent, at Instituto G. Maraflon, Velazquez 144, Madrid-6, Spain.
Vol. 138 explanation is that redox couples of the mitochondrial dehydrogenases should be in equilibrium, and at present there is no general agreement whether or not equilibrium exists between the different mitochondrial dehydrogenases. Several investigators have reported that the reactants of the fl-hydroxybutyrate dehydrogenase and glutamate dehydrogenase reactions are at near-equilibrium with the mitochondrial [NAD+]/[NADH] couple in rat liver (Williamson et al., 1967b; Brosnan et al., 1970) whereas others have found no correlation (Chamalaun & Tager, 1970; Henley & Laughrey, 1970; Haeckel & Haeckel, 1970) .
It was therefore the purpose of the present study using the isolated perfused rat liver (a) to obtain information as to the source of nitrogen for the synthesis of the various nitrogenous products during perfusion with or without an added nitrogen donor; (b) to determine the fate of glutamate metabolism under these conditions; (c) to determine whether or not an equilibrium exists between the different mitochondrial dehydrogenase systems; and (d) to quantify the importance of the rate of proteolysis in the nitrogen economy in the absence of nitrogen donors and under variable cellular redox states.
Materials and Methods

Reagents
Most reagents were Sigma Grade (from Sigma Chemical Co., St. Louis, Mo., U.S.A. (Krebs & Henseleit, 1932) . The liver was then excised from the animal, trimmed of adherent tissue and transferred to the perfusion apparatus. The perfusion apparatus and glassware were similar to that described by Miller et al. (1951) .
The livers were perfused for 1 h with lOOml of recirculating cell-free buffer containing 4% (w/v) bovine serum albumin (Cohn fraction V; Armour Laboratories, Kankakee, Ill., U.S.A.). Before the experiments the albumin was dissolved in a small volume of buffer and dialysed against two changes of 2 litres of buffer for 18 h at 4°C. All albumin and buffer solutions were passed through a Millipore filter (0.45,um) before the perfusion. The perfusion medium was kept at pH7.4 by exposing it to a humidified mixture of 02+C02 (95:5).
Substrates were added (see the Results section) to obtain a concentration of 10mM.
Sampling of medium and determinations
For the determinations of NH3 and urea, samples of perfusate were collected under a thin layer of toluene to prevent losses of NH3. Urea was measured with either an autoanalyser (Skeggs, 1957) or a Boehringer Mannheim urea reagent kit. The NH3 was determined by the procedure of Seligson & Seligson (1951) . Additional perfusate samples (0.5 ml) were deproteinized in cold 6% (w/v) HCl04 and neutralized to pH 6-7 with 5 M-K2CO3 for determinations of metabolites. All procedures were carried out at 4°C.
Liver biopsies, taken at either 0 or 60min, were immediately frozen in aluminium clamps (Wollenberger et al., 1960) , which had been cooled in liquid N2 or in a bath of solid CO2 in methanol. The frozen sample was weighed, pulverized and then rapidly homogenized in 6 vol. ofcold 6 % HC104-40 % (v/v) ethanol. After centrifugation in the cold, the clear supernatant was adjusted to pH 5 with 5M-K2CO3 + O. M-triethanolamine.
Glutamate was measured fluorimetrically as described by Bernt & Bergmeyer (1963) . Glutamine was measured as glutamate after acid hydrolysis. Aspartate was determined fluorimetrically by the method of Pfleiderer (1963) . Valine and alanine were determined by an isotope-dilution method involving aminoacylation of tRNA as reported by Parrilla et al. (1973) . Lactate was measured by the method of Hohorst (1963) , pyruvate by the method of Bucher et al. (1963) , and a-oxoglutarate as described by Bergmeyer & Bernt (1963) . ,BHydroxybutyrate and acetoacetate were determined as described by Williamson et al. (1962) .
All the results were expressed as either pmol or nmol/g wet wt. The intracellular concentrations of the different metabolites were assumed to be the same as the extracellular ones.
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Results
Nitrogen production by livers perfused in the absence of a nitrogen donor Substrate-free perfused livers (Table 1) showed a net nitrogen production of 12.2,ug-atoms of N/h per g liver wt. This value was calculated by taking into account the changes in the most important nitrogenous constituents in the perfusate as well as in the tissue. Tissue glutamine was the main nitrogen donor, whereas alanine, ammonia and urea were depleted to a smaller extent. Glutamate concentration changed very slightly.
These results strongly suggest that the liver must catabolize some protein in order to supply the required nitrogen atoms. When livers were perfused with pyruvate or lactate (Tables 2 and 3) , nitrogen production was slightly increased to 19.2 and 18.4,4g-atoms of N/h per g liver wt. respectively. This increase was mainly due to a higher alanine release in both instances. The higher alanine release can possibly be explained on the basis that pyruvate availability was increased and that the glutamate-pyruvate transaminase reactants were at near-equilibrium. Glutamine release was much higher in the presence of lactate, perhaps as a way of preventing an intracellular accumulation of glutamate brought about by increased NADH generation.
Urea production was very similar in both cases, In both instances the balance was incomplete, suggesting that the liver persists in degrading endogenous protein in spite of a nitrogendonor supply, albeit at a slower rate than in the presence of a nitrogen-free substrate or no substrate at all.
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Since glutamine deamination (Table 4) provides enough NH3 for urea synthesis, glutamate would be transaminated to supply the aspartate needed in the cytosol. However, one would expect alanine to be metabolized, through transaminating and deaminating pathways of glutamate catabolism, in order to deliver both NH3 and aspartate to the ureasynthesizing system. Glutamine (Table 4 ) stimulated urea synthesis about fivefold over basal production (Table 1) and NH3 accumulated in the perfusate in large amounts. Also there was a large hepatic accumulation of glutamate. A permeability barrier for glutamate in the hepatic cell has been previously reported by Ross et al. (1967) and Chamalaun & Tager (1970) under similar experimental conditions. The nitrogen balance obtained indicates that part of the glutamate derived from glutamine utilization had to be deaminated in order to account for the NH3 that accumulated in the perfusate. The rate-limiting step that prevented the utilization of NH3 for urea synthesis has not yet been determined. Aspartate production may not be the limiting step, since it accumulated in the tissue. Alanine (Table 5) also stimulated urea production about fivefold, but the accumulation of NH3 was much smaller than with glutamine (Table 4) . To explain the nitrogen balance obtained, it has to be assumed that glutamate was deaminated to provide NH3 and transaminated to form aspartate. This means that glutamate is metabolized through the glutamate dehydrogenase pathway.
Rates of valine release Table 6 shows the influence of different substrates on the rate of valine release by the perfused Transaminating activity has been reported to increase under situations of increased fuel mobilization. Since no net change in flux can be produced through an equilibrium enzyme, attention has been given to the question of whether or not transaminase reactions are near equilibrium in vivo (Williamson et al., 1967b) . The reactants of glutamate-pyruvate transaminase were determined in livers perfused with different substrates to ascertain whether or not this reaction would influence the flux of nitrogen. Krebs (1953) for the experimentally determined equilibrium constant. In addition, Williamson et al. (1967b) reported that this reaction was near equilibrium in vivo, and similar conclusions were reached by Parrilla & Toews (1974) (Williamson et al. 1967a) are presumably due to the absence of free fatty acids.
Discussion
The data reported for nitrogen balances under various conditions suggest that glutamate dehydrogenase must operate in vivo in the direction of glutamate deamination in order to supply the NH3 needed for the synthesis of urea and/or the release ofNH3. Theseresults are in contrast with those obtained with isolated mitochondria by Muller & Leuthardt (1950) in which 90% of the glutamate was oxidized via the transarninating pathway. It was suspected that glutamate could be metabolized differently in vivo, since HIoek et al. (1969) , using liver homogenates, found a much higher rate of glutamate deamination than in isolated mitochondria. Chamnalaun & Tager (1970) also concluded that glutamate was oxidized through the glutamate dehydrogenase pathway, especially when alanine was used as a substrate in an isolated perfused liver preparation. The present results extend this view to livers perfused with glutamine or in the absence of a nitrogen donor. Furtherevidence to support the above are the findings that the redox state of the mitochondrial NAD couple with glutamine or alanine as substrates is similar, and In both instances closer to the redox state obtained with lactate than with pyruvate (Table 8) . Thus glutamate dehydrogenase, as predicted by Braunstein & Asarkh (1945) , seems to play a central role in amino acid catabolism.
Owing to the important role of glutamate dehydrogenase in nitrogen mnetabolism, attention has been paid to the control of its activity in vivo.
Many workers have focused their attention on the possible regulatory role of the nicotinamide nucleotides. Although some, on the basis of their work with mitochondria, believe that glutamate dehydrogenase is an NADP-linked enzyme Tager & Papa, 1965; Papa et a!., 1967) , others believe that, in vivo, glutamate dehydrogenase functions with NAD or NADP (Williamson et al., 1967a; Veech et al., 1969 (obtained by dividing mass-action ratios of both dehydrogenases), was identical in both instances. When their reported values are compared with the control group they all showed parallel changes except for the glutamine group.
Under our experimental conditions the glutamatepyruvate transaminase reaction appears to be near equilibrium (Table 7) . If transamination is not a determinant for the net flux of nitrogen, the question arises as to the source of the nitrogen produced, especially during perfusion without a nitrogen donor. From the present reported measurements of some of the cell nitrogen pool constituents, the source of the nitrogen cannot be determined. Results not reported here (R. Parrilla & M. N. Goodman, unpublished work) showed a moderate decrease in the liver adenine nucleotide pool during the perfusion period, which could not account for the negative nitrogen balance. The most likely mechanism by which the liver keeps pace with the maintenance of the nitrogen pools seems to be proteolysis. The experiments reported by Schimassek & Gerok (1965) , showing that the amino acid release by the perfused isolated liver was not a passive 'washing out', as the intracellular content of the amino acids in liver is not diminished during perfusion, seem to support this conclusion. The removal of the liver from the animal and its perfusion in the absence of any fuel enhanced endogenous protein degradation as reflected by the rate of valine release into the perfusion medium (Table 6 ). Woodside & Mortimore (1972) focused their attention on this problem in a careful study on the role of amino acids in the regulation of the rate of proteolysis. Parrilla et al. (1972) also reported their findings on the hormonal control of hepatic proteolysis. The experiments reported in the present paper confirm those of Woodside & Mortimore (1972) , in that the addition of amino acids to the perfusion medium arrests the rate of proteolysis. However, the addition of pyruvate to the perfusion medium also decreased the rate of valine release, by 40% (Table 6 ). This finding poses the question as to the relevance of the amino group for the suppression of proteolysis and suggests that the availability of fuel may be of prime importance. More studies are needed to elucidate the metabolic implications of this finding and its possible physiological significance.
